Theoretical considerations concern the relationship between net primary productivity of natural vegetations and climatic conditions. Those suggest that net primary productivity (NPP) of natural vegetations linearly increases with increasing annual net radiation (Rn) and that the proportionality constant between Rn and NPP decreases very rapidly with increment of the value of radiative dryness index (RDI) that is the ratio of Rn to the product o£ annual precipitation and latent heat of evaporation. NPP data (682 set) of about 260 locations over the world were used to verify the theoretical prediction. A nonlinear regression equation describing the dependence of NPP on Rn and RDI was obtained and named "Chikugo model". The NPP-distribution map over Japan was made on the basis of the Chikugo model using the climatic data of Japan. It was found that NPP over Japan changes from about 8 t DW/(ha yr) in mountain districts of Hokkaido to about 18 t DW/ (ha yr) in southern coastal areas of Kyushu and Shikoku. These results agreed well with the net primary production of forests obtained by plant ecologists.
Introduction
In recent years, attention has been focused on the amount of biomass and NPP of vegetations, because plant biomass is alternative energy source and an important component of CO2 balance in the atmosphere. This problem was also extensively studied in the International Biological Programme (IBP) during the period 1964 to 1972. The biomass and NPP of vegetations have been assessed in several ways such as climatic, ecological and dendrological methods. The data of biomass and NPP obtained in that programme have been successfully used to make clear the world distribution of biomass and NPP of vegetations (e.g., Lieth, 1973; Efimova, 1977) .
Plant biomass is not only a most important source for alternative energy, but also plays a vital role in the ecological functions and in the protection of natural and controlled ecosystems. It is not reasonable, therefore, to assume that most residues of crop and forest can be used as an alternative energy source. To achieve the balance between the use of plant biomass as an alternative energy source and the return of plant biomass for the protection of ecosystems, we must consider the following components of biomass balance per unit ground surface; Weco, A1, A2 and NPP where Weco is economic use of plant production (t DW/(ha yr)), A1 and A2 are, respectively, return of plant biomass necessary to maintain soil fertility, and that to protect natural and controlled ecosystems (t DW/(ha yr)). Therefore, the effective biomass utilizable as an alternative energy source Weff (t DW/(ha yr)) is given by Weff =NPP-(Weco+A1 +A2)
In the above equation, the accurate determination of NPP of vegetations is the starting point for evaluating the amount of Weff. Many plant ecologists have concentrated their effort on the development of accurate methods for determining NPP. Of them, the so-called summation method is known to give an accurate estimate of plant biomass and NPP, although it is very laborious. The data of biomass and NPP so obtained have been used to establish climatic methods for evaluating NPP from climatic data (e.g., Kira, 1976; Lieth, 1977; Uchijima and Seino, 1984) . Almost all those indirect methods consider separately effects of climatic factors on the amount of NPP. However, climatic factors are fluctuating simultaneously with some correlation between them. This clearly indicates that we need more reasonable indirect methods, taking account of simultaneous effects of climatic factors on NPP. In this paper, we discuss the construction of "Chikugo model" describing a nonlinear dependence of NPP on annual net radiation and radiative dryness index, and its application,
Theoretical Consideration
By applying the approach of Bierhuizen and Slatyer (1965) to the gas exchange between fully grown vegetations and the surface air layer, we can write for vapor flux due to transpiration (Et) (2) and for CO2 flux due to photosynthesis (pn) (3) sure (mmHg), el and ea are water vapor pressures (mmHg) at a level of Zc within vegetation and at a reference height (ZR ), respectively, Ca and Ci are mean CO2-concentrations at ZR and in stomatal cavities of leaves constituting vegetations, rc and rc' are, respectively, canopy resistances for turbulent transfer of water vapor and CO2 between Zc and ZR (s/cm), rs ,w and rs,c are average stomatal resistances of the leaves for water vapor and CO2, respectively, and ao is a conversion factor from CO2 flux to dry matter production.
The annual transpiration (ET) and the annual dry matter production (NPP) of a vegetation can be approximated by (4) (5) where To is the time length of a year, A is a conversion factor from g/(cm2 s) to t/(ha yr), a1 and b1 are, respectively, proportionality constants for connecting daily means to daytime means, and upper bar denotes annual mean of the related quantities. Using the above relations, we can define the water use efficiency ( WUE) as follows: (6) On the other hand, when vegetations fully cover ground and can absorb most of incoming solar radiation, one can expect the following relation,
solar energy at the earth's surface, B is a conversion factor from g H2O/(cm2 yr) to t H2O/(ha yr). By combining Eqs. (6) and (7), the net primary productivity of vegetations can be expressed as follows:
where Ao is a proportionality constant and given by
Since air temperature at Zc within vegetations is generally not known, el is approximated by the saturation vapor pressure at the air temperature as is usually done. Namely, the difference in water vapor pressure between Zc and ZR is approximated by the water vapor deficit of air as the first approximation. Using this approximation, one can rewrite Eq. (8) as follows:
where d is the water vapor deficit of air (mmHg).
The experimental results due to Wong et al. (1979) indicate that the term (1-Ci/Ca) in the proportionality constant Ao is approximated by (10) If the conversion factors and the related quantities in the constant Ao were given by experiments, using the above values for (1-Ci/Ca) and ambient CO2 concentration, Eq. (8 a) enables us to take implicitly account of effects of increasing CO2 concentration, which is now becoming an urgent and important problem, on NPP of vegetations. Eq. (8 a) describing the nonlinear dependence 1) Materials To verify the validity of Eq. (8 a) and to build the "Chikugo model" which serves as a physical basis for the calculation of NPP of natural vegetations, the following materials of plant production and climatic factors were used. Plant production data:
(1) Cannell, M. G. R., (1982) (Normals, 1951 (Normals, -1980 . 280 p. Cannell (1982) compiled the data of plant biomass and NPP of forests distributed in various climatic zones of the world collected throughout the IBP-work. This book includes 270 data set of net primary production measured at 107 locations and 412 data set of above-ground net primary production (NPPab) obtained at 151 locations.
The following empirical relation was used to convert the data of above-ground net primary production to the data of net primary production (NPP).
(11) Muller (1982) proposed climatic data for the study of dry matter production of vegetations over the world. His book includes the data of temperature, precipitation, humidity, sunshine duration and solar radiation at approximately 1000 stations over the world. World Atlas edited by Golts'berg (1972) shows the geographical distribution of agroclimatic resources affecting plant production, particularly crop production. The Climatic Tables published from the Japan Meteorological Agency in 1982 contain the normals of atmospheric pressure, temperature, relative humidity, sunshine duration, solar radiation and precipitation at approximately 150 stations in Japan. 2) Methods (12) where So,i and St,i are total monthly solar radiations at the top of the atmosphere and the ground surface in the i-th month (kcal/cm2 ), respectively, 
or (19 a)
The above equations similar to Eq. (8 a) in form are the "Chikugo model" for the calculation of the net primary productivity of natural vegetations from climatic data. The Chikugo model describes simultaneous effects of Rn and RDI on the net primary productivity of vegetations. Fig. 4 shows a family of curves of NPP as a function of both RDI and Rn obtained from Eq. (19). The original data of primary production of forests used for obtaining Eqs. (19) and (19 a) are also presented in this figure. From the comparison of the family of curves and the original data, we can conclude that the "Chikugo model" could be used to estimate NPP of natural vegetations in various climatic zones over the world. where NPPr and NPPT are, respectively, NPP evaluated by precipitation and temperature data, r is annual precipitation (mm), and T is annual (Uchijima and Seino, 1984) , we proposed the following relation using Efimova's data (1977) Fig. 5 B shows that NPPT changes in parallel with NPP estimated from Eq. (19), although NPPTvalues are larger than the NPP by about 10 per cent throughout a whole range of NPP. The above results shows that net primary production of vegetations over Japan with plentiful rainfall is strongly affected not by rainfall but by annual mean temperature.
As shown in Fig. 5 C, in a range of NPP lower than about 14 t DW/(ha yr), the value of NPPold from Eq. (21) agrees fairly with the value of NPP from Eq. (19). However, in a range of NPP above 14 t DW/(ha yr), the discrepancy between NPPold and NPP increased remarkably with increment in NPP. At NPP of 20 t DW/(ha yr), NPPold was 1.5 times as large as NPP. This is probably because of the overestimation of the net primary productivity reported by Efimova (1977) . 
5) Dependence of NPP on altitude
Altitude has an important effect on the value of NPP, because temperature decreases monotonically with increasing height above the sea level. This is mainly due to the shortening of a duration of photosynthetic activity with altitude. To make clear the dependence of NP]' on altitude, the following relative net primary productivity (NPP *) was calculated using the NPP data in the central part of Honshu. NPP* at the altitude of 1500 m decreased to only 40 per cent of NPP* in the altitude range 0 to 200 m. At the altitude of 2500 m near the timber limit in this district (Horikawa, 1968) , NPP* was found to be about 10 per cent. The vertical change in NPP* corresponds to the change in forest types with increasing altitude; evergreen broad-leaf forests in the altitude zone below 200 m, intermediate conifer forests in the 200-400 m zone, deciduous broad-leaf forests in the 400-1500 m zone, conifer forests in the 1500-2400 m zone, and alpine desert and heath in the altitude above 2500 m. 
cal/g DW. As illustrated in this figure, NPP values change from 8 t DW/(ha yr) and less in central mountainous areas of Hokkaido to 18 t DW/(ha yr) and more in southern coastal areas of Kyushu, Shikoku, Ku-peninsula and Tokai district. Lower net primary productivity is observed in backbone areas of the main islands of Japan. The isopleth of 14 t DW/(ha yr) extends from Miyako on the Pacific Ocean side, southwards along the foot of mountainous areas, turns to the north on the northeastern coast of Lake Biwa, and then exactly northwards to near Sakata on the Japan Sea side of Honshu. The distribution of this isopleth agrees well with that of the southern limit of deciduous broad-leaf forest and intermediate conifer forest depicted in the bottom of Fig. 7 . The isopleth of 18 t DW/ (ha yr) runs westwards along the southern coastal areas of Tokai district, intersects the pointed end of Ku-peninsula, passes westwards coastal areas of Shikoku and Kyushu islands, and reaches the west seaside of Kyushu. Characteristic distribution of NPP over Japan is mainly ascribed to latitudinal and altitudinal gradient of climatic condition, particularly annual net radiation.
Using the data of annual above ground net primary productivity of 258 forest stands of Japan, Kira (1973) has classified the forest stands of Japan into five major types: evergreen broad-leaf forests, forests of pines and temperate conifers, coniferous forest of boreal zone, coniferous forests of the subalpine zone and deciduous broad-leaf forests of the cool temperate zone. Tadaki and Hachiya (1968) and. Kira (1973) evaluated the net primary productivity (t DW/(ha yr)) of the major forests in Japan as follows: deciduous broad-leaf forests -8.7, deciduous coniferous forests -10.1, evergreen coniferous forests-13.5, pine forest -14.8, Japan cedar forests and evergreen broad-leaf forests -18.1.
Referring to the distribution of NPP and the major forests shown in Fig. 7 , we can conclude that the NPP of natural vegetations estimated by the Chikugo model is in good agreement with the NPP of major forests in Japan compiled by Tadaki and Hachiya, and Kira.
The middle of Fig. 7 shows the geographical distribution of energy efficiency of NPP on annual is quite similar to that of NPP, ranging from about 0.4 in mountainous areas of Hokkaido to about 0.7 in southern coastal areas of Kyushu and solar radiation between them.
Conclusion
An approach for the water use efficiency of crop leaves can be used to build a model for evaluating the net primary productivity of natural vegetations from climatic data. The simplest model contains only three factors such as annual vapor deficit (d), and requires values of solar radiation, precipitation, air temperature, air humidity and albedo. The model predicts that the net primary productivity (NPP) is proportional to annual net radiation and is inversely proportional to the product of water vapor deficit and Bowen ratio. The primary production data of forests obtained throughout the IBP-work confirm that the prediction from the model is valid. By combining the simplest model and empirical relations, a semiempirical "Chikugo model" was obtained. This model is possible to determine the net primary productivity of natural vegetations. Using the meteorological data of about 150 stations in Japan, the Chikugo model was used to estimate NPP of Japan. It was found that NPP varies from about 8 t DWJ(ha yr) in mountainous areas of Hokkaido to 18 t DW/(ha yr) in southern coastal areas of Kyushu and Shikoku, agreeing well with the results obtained by plant ecologists. It is reasonable to say that this good agreement gives a strong support to the Chikugo model.
